Abstract:
Introduction
Surfactants are compounds usually referred to as surface active agents that lower surface tension and which may act as detergents, wetting agents, emulsifiers, foaming agents, and dispersants [1] . Conventional surfactants, such as sodium lauryl sulfate contains both a hydrophobic group and hydrophilic group indicating that their molecules contain both water insoluble (oil soluble) component and water soluble component. Surfactant molecules will diffuse in water and concentrate at interfaces between air and water, at the interface between oil and water, in the case where water is mixed with oil, or form aggregates in water such as micelles.
Gemini surfactants, sometimes called dimeric surfactants, have two hydrophilic head groups and two hydrophobic groups in the molecules, in contrast to conventional surfactants that generally have a single hydrophilic head group and a single hydrophobic group in the molecule. Gemini surfactants can be ten to a thousand times more surface active than conventional surfactants with similar but single hydrophilic and hydrophobic groups in the molecules [2] . The carbon chain length of the two terminal hydrophobic groups can be short or long chain while the two hydrophilic groups can be cationic, anionic or nonionic. Gemini surfactants are very attractive for catalysis and adsorption applications [3] , analytical separations [4] [5] [6] , solubilization processes [7, 8] , nanoscale technology [9, 10] , biotechnology and enhanced oil recovery [11, 12] . When gemini surfactants are compared with conventional singlehead-group surfactants, gemini surfactants exhibit high surface activities such as low critical micelle formation concentration (CMC), and they tend to have greater efficiency in lowering the surface tension of water. They also have good emulsifying behavior when compared
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Properties of sodium phosphate-hydroxy ethanolamide gemini surfactant synthesized from the seed oil of Luffa cylindrica with the conventional single-head-group surfactants [13, 14] ,a remarkably lower Kraft temperature and good water solubility in the case of ionic surfactants [14] . They are also applicable in the solubilization of dyes and pigments in the textile industry [15] and gene therapy [16] . These advantages of gemini surfactants reduce the over dependence and excessive consumption of chemicals in industrial products as gemini surfactants themselves are considered environmentally friendly in some cases. Nevertheless, the number of commercially available gemini surfactants is very limited because the synthetic route is more complicated than that of singlehead-group routes, and thereby, the synthetic costs are always challenging.
In order to make the use of gemini surfactants cost effective, efficient and economically viable in a wide variety of applications, gemini surfactants are expected to be produced via a low-cost synthetic mechanism. One of the key ways of achieving this is by use of cheap and readily available feed stock and simple reaction steps. Example of those cheap sources of feed stock is the use of lesser known underutilized seed oils such as Luffa cylindrica. Luffa cylindrica is an underutilized plant in Nigeria. It is a tropical and subtropical vine comprising of the genus Luffa, the only genus of the sub-tribe Luffinae. It is an herbaceous climber or trailer to 6 m or more. Luffa species are used as food plants by the larvae of some Lepidoptera species, including Hypercompe albicornis. Parts of the plant are used to create bath or kitchen sponges and as a natural remedy for jaundice [17] ; presently, there is no specific use of the seed oil of Luffa cylindrica as the seeds are discarded as waste. Some of the properties of the seed oil of Luffa cylindrica have been previously reported by Adewuyi and Oderinde [18] with the dominant fatty acid being linoleic (46.8 ± 0.2%), iodine value of 147.01±0.70 g iodine per 100 g, C 36 (35.5±0.1%) carbon chain molecular species of triacylglycerols being predominant and the most abundant glycolipids reported was digalactosyldiacylglycerol (85.68±0.10%).
In recent years, different types of gemini surfactants have been designed and synthesized [19] [20] [21] using different chemical systems and reaction mechanisms but there is little information on those from fatty acid methyl esters. In response to this, we have synthesized sodium phosphate-hydroxy ethanolamide surfactant from Luffa cylindrica seed oil. The spectroscopic and amphiphilic properties as well as the effect of pH and concentration on the surface tension of the gemini surfactant was also examined.
Experimental procedure

Materials
The seed samples were obtained from the garden of the University of Ibadan, Oyo state, Nigeria. The ripened fruits were harvested fresh and air dried before the seeds were separated from the inner sponge of the whole fruit. They were identified at the herbarium unit, Botany Department, University of Ibadan. The whole seeds were subsequently ground in a laboratory mill (Gallenkamph, 82942, Brit. Pat, England) . Formic acid (100%), hydrogen peroxide (30%), diethanolamine and polyphosphoric acid were purchased from Merck, Darmstadt, Germany. Other chemicals and all solvents used in this study were of analytical grade and were purchased from VWR International GmbH, Darmstadt. The dried seeds of Luffa cylindrica were later extracted with n-hexane for 10 h using a soxhlet extractor [22] .
Methyl esters from the seed oils of Luffa cylindrica
Methyl esters were produced from the oil of Luffa cylindrica using a two step reaction system. The first step involved the use of 2% sulphuric acid in methanol and, secondly, a transesterification reaction using KOH as catalyst. The oil was first esterified using 2% sulphuric acid in methanol (2 ml sulphuric acid in 98 ml methanol) at 70 o C to convert the free fatty acid content to methyl esters [23] . The esterification was carried out for 2 h and the progress of the reaction was monitored using TLC to check the conversion of the free fatty acids to esters. The resultant product was extracted with ethyl acetate, washed with water until free of acid, passed over sodium sulphate and concentrated using a rotary evaporator. The esterified oil was finally transesterified using 1% KOH in methanol at 70 o C. The methyl esters formed were extracted with ethyl acetate, washed free of KOH, dried over sodium sulphate and concentrated in a rotary evaporator. The reaction steps are shown in Scheme 1.
Hydroxylation of Luffa cylindrica methyl esters
The hydroxylation of the methyl esters was achieved using a 500-mL three-necked round-bottom flask equipped with a thermometer sensor and a magnetic stirrer. The methyl esters (0.0482 mol) and 100% formic acid (0.106 mol) were placed in the flask and cooled to a temperature of 15 o C while stirring. Hydrogen peroxide (0.407 mol) was added drop wise with continuous stirring for about 30 min. The temperature was later raised to 80 o C and maintained at this temperature for 15 h. After the reaction was completed, the mixture was cooled to room temperature and the hydroxy methyl esters were extracted with ethyl acetate, washed with water and passed over sodium sulfate (Scheme 2). This was later concentrated using a rotary evaporator.
Synthesis of hydroxy diethanolamide
The reaction was carried out in a round bottom Pyrex glass reaction flask submerged in an oil bath. The reaction flask was equipped with a mechanical stirrer, thermometer and condenser. Diethanolamine was reacted with the hydroxy methyl esters at a molar ratio of 6:1 (diethanolamine : hydroxy methyl esters) in the presence of sodium methoxide (2% by weight of diethanolamine and hydroxy methyl esters). The reaction was carried out at a temperature of 115 o C as the formation of the hydroxy diethanolamide was monitored with TLC and FTIR. At the end of the reaction, the reaction mixture was allowed to cool and was later Scheme 1. Production of methyl esters.
Scheme 2. Hydroxylation of fatty acid methyl esters.
dissolved in diethyl ether in a separating funnel. The ether phase was washed with 5% aqueous hydrochloric acid. The ether layer was separated, washed with water and passed over sodium sulphate. The resulting ether layer was later concentrated using a rotary evaporator. The reaction equation is shown in Scheme 3.
Synthesis of sodium phosphate-hydroxy ethanolamide gemini surfactant
Polyphosphoric acid (0.135 mol) was added to 400 mL of anhydrous benzene at 50 o C in a three-necked round-bottom flask equipped with a thermometer sensor and a magnetic stirrer. The hydroxy diethanolamide (0.045 mol) was gradually introduced into the flask and allowed to react with the polyphosphoric acid until a complete conversion was achieved. About 250 mL of deionized water was poured into the mixture and the reaction left for 3 h. The organic phase was extracted three times with diethylether, washed with HCl (1 mol dm -3 ) and deionized water until free of acid. The diethylether was evaporated under reduced pressure, and then poured in ethanolic NaOH (1 eq). The resulting ethanol layer was later concentrated using a rotary evaporator at a reduced pressure to give a crystalline solid which was finally air dried.
Fourier Transform Infrared (FTIR)
The FTIR spectra of oil, methyl esters, hydroxylated methyl esters and sodium phosphate-hydroxy ethanolamide were recorded using AVATAR, 360 Nicolet smart Dura sample FTIR with resolution 4 cm -1 . The spectra were recorded in the range of 4000-400 cm -1 .
Nuclear Magnetic Resonance (NMR) Spectroscopy
1 HNMR and 13 CNMR spectra of oil, methyl esters, hydroxylated methyl esters and sodium phosphatehydroxy ethanolamide were obtained using a 500 
Emulsion stability
Emulsifying power of the aqueous solutions of sodium phosphate-hydroxy ethanolamide surfactant was determined for water/liquid paraffin system. Aqueous solutions (0.1 -5.0 g L -1 ) of the sodium phosphatehydroxy ethanolamide and reference surfactant (sodium dodecyl sulphate) were prepared. 20 mL of aqueous solution of sodium phosphate-hydroxy ethanolamide was taken in a 100 ml stoppered graduated measuring cylinder and 20 mL of paraffin was poured into the measuring cylinder through the side of its wall. The cylinder was turned upside down a total of 30 times at a rate of 1 turn per 2 seconds. The time of separation of aqueous phase for 15 mL was noted [24] . This analysis was carried out in triplicate.
Foaming power
Different concentrations (0.1 -5.0 g L -1 ) of the surfactant and reference surfactant were prepared. 20 mL aqueous solution was poured into a 100 ml graduated cylinder. The cylinder containing the solution was turned upside down a total of 30 times at a rate of 1 turn per 2 seconds. The height (cm) of the foam produced was measured immediately and after a 5-minute interval, the procedure was repeated three more times and the mean value taken. The effect of surfactant concentration on the foam height produced was also studied. These data were used for estimating the foamability and foam stability of the surfactant [25].
Wetting power
Wetting power of the aqueous solutions of sodium phosphate-hydroxy ethanolamide and SDS in distilled water were determined using the Canvas Disc Method [26] with the procedure carried out in triplicate.
Surface tension
KRUSS Processor Tensiometer K 12 version 3.11 was used. The surface tension of various aqueous concentrations (0.1 -5.0 g L -1 ) of sodium phosphate hydroxy ethanolamide and reference standard (SDS) were determined as given in the technical literature and ASTM designation D 1331-56 [27] . The effect of pH changes on the ability of sodium phosphate hydroxy ethanolamide to reduce surface tension of water was also examined and compared with that of SDS. This was carried out in triplicate.
Results and discussion
Methyl esters from the seed oil of Luffa cylindrica
The oil yield from the seed of L. cylindrica was found to be 39.10 ± 0.20%. The FTIR result (Fig. 1) of the methyl esters revealed the C=O vibrational frequency of esters which appeared at 1742 cm -1 while values found at 1465 cm -1 and 1171 cm -1 , were attributed to the C-H bending frequency of saturated alkane and C-O stretching frequency of ester, respectively. The NMR spectra (Fig. 2) confirmed the formation of methyl esters with a peak at 2.3 ppm being assigned to the protons of the methylene group α to the carbonyl group while the terminal methyl protons (0.8 p pm), protons of the repeating methylene units (1.2 ppm) and protons (1.5 ppm) of the methylene group β to the carbonyl group were also found on the spectrum [28, 29] . Peaks of allylic methylene protons were found at 2.0 ppm while the bis-allylic methylene protons appeared at 2.7 ppm. The olefinic protons appeared at 5.1 ppm while the signal found at 3.5 ppm was attributed to the protons of the methoxyl group of the methyl esters. The signal at 51.30 ppm in the 13 CNMR spectra (Fig. 3 ) of the methyl esters was accounted for as being the methoxy carbon which further confirmed the formation of the methyl esters.
Hydroxylation of the methyl esters of Luffa cylindrica
The FTIR (Fig. 1) showed a peak at 3001.40 cm -1 in the methyl esters which was considered to be the C-H stretching of C=C-H suggesting the presence of unsaturated functional group. The peak suggesting unsaturation at 3001.40 cm -1 disappeared with the appearance of a new peak at 3353 cm -1 indicating the presence of OH group. From the 1 HNMR result (Fig. 2) , the olefinic protons at 5.1 ppm in the methyl esters disappeared after the hydroxylation giving rise to a peak at 2.7 ppm confirming the formation of the OH group while the ester peak at 3.5 ppm was retained. Signals were also found at 59.81, 70.89 and 73.51 ppm in the 13 CNMR (Fig. 3) which accounted for the -CH 2 OH and -CHOH carbons of the hydroxylated methyl esters respectively.
Synthesis of hydroxy diethanolamide
The C=O vibrational frequency (Fig. 1 ) of amide was found at 1622 cm -1 while the band found at 3367 cm -1 was considered to be the frequency of vibration of the OH group. The proton chemical shift (Fig. 2) of the terminal methyl groups were found at 0.7 ppm while the signal at 2.7 ppm was assigned to the contribution from the OH groups of the hydroxylated alkyl chain length. Signal at 4.5 ppm was assigned to the terminal OH groups of the amides while the protons of the carbonyl amide group had signal at 7.3 ppm. 13 CNMR (Fig. 3) showed the presence of the methylene groups α to nitrogen atom of the amide at 49.96 -51.79 ppm while those β to it (the hydroxyl carbon) at 59.80 -60.30 ppm. The amide carbonyl carbon was confirmed at 175.40 ppm.
Synthesis of sodium phosphate-hydroxy ethanolamide
The FTIR result (Fig. 1 ) of sodium phosphate-hydroxy ethanolamide revealed the presence of OH group at 3345 cm -1 while the amide functional group appeared at 1659 cm -1 . The P=O stretching was found at 1099 cm -1 just as the P-O-C vibrational frequency was seen at 1050 cm -1 . 1 HNMR showed peak (Fig. 2 ) corresponding to CH 2 CONH at 2.3 ppm, while the peak at 3.4 ppm was assigned to CONHCH 2 . The CHOH signal was found around 3.6-3.8 ppm and the CHOP protons were also found around 4.1 ppm. The 13 C NMR result (Fig. 3) showed signals at 77. 00, 77.20, 77.25, 77.57 and 76 .75 ppm which were assigned to CH-OP(O)(OH)ONa. 
Evaluation of surface-active properties of sodium phosphate-hydroxy ethanolamide
Scanning Electron Microscopy (SEM)
The SEM analysis of sodium phosphate-hydroxy ethanolamide is presented in Fig 4. The surface was found heterogeneous indicating the presence of some functional groups.
Emulsion stability
Emulsions are usually comprised of two or more immiscible liquids where one liquid is in the form of droplets that is dispersed in the other. The surface of each droplet is an interface between hydrophilic and hydrophobic molecules and therefore thermodynamically unstable. Emulsifying agents are required to reduce the interfacial tension, which decreases the free energy resulting from the increase in the interfacial area between the two phases. Emulsifier decreases the rate of coalescence of the emulsified drop by forming mechanical steric and electrical barriers around them. Therefore, emulsifying power measures the ability of a product to help in the formation of an emulsion. The emulsifying power was judged by the time required for separation of 15 mL aqueous layer for the emulsions made under similar condition. From the present study, SDS had better emulsion stability than the synthesized sodium phosphate-hydroxy ethanolamide (Fig. 5) . The effect of concentration on phase separation was also examined as shown in Fig. 5 . The emulsion power of the reference surfactant (SDS) and sodium phosphatehydroxy ethanolamide increased as concentration increased. Although SDS showed better stability but since sodium phosphate-hydroxy ethanolamide is from a biodegradable, cheap and renewable source, such emulsifying agents are likely to have a vast num ber of applications in materials and prod ucts including foodstuffs, personal care items, and pharmaceuticals [30] [31] [32] where these applications cover both oil-in-water (O/W) and water-in-oil (W/O) types of application [33] . Since the emulsion stability of sodium phosphate-hydroxy ethanolamide is concentration dependent, it may be inferred that sodium phosphatehydroxy ethanolamide may play an active role in delivery of multiple active pharmaceutical ingredients of different solubility, or present an active pharmaceutical ingredient in a format that improves the distribution and/ or permeation on application [34, 35] .
Foaming power
Foams are dispersed systems of great practical importance, either in their capacity as low density media, or because they must be suppressed owing to their unfavorable effects [36] . The concept of stability generally refers to the stage in which the foam volume or aspect is altering slowly as time elapses. The faster the change, the less stable the foam. A good stability criterion will thus be a measure of the time scale for some event to occur, or a measure of the amount of change (e.g. foam height) after a specific time [36] . The effect of concentration on the foam height is shown in Fig. 6 while the stability of the foam at a concentration of 5 g L -1 over a period of time (360 min) is presented in Fig. 7 . The foam height of SDS is higher than that of sodium phosphate-hydroxy ethanolamide. It was also noticed that the foam height increased as the concentration of both SDS and sodium phosphatehydroxy ethanolamide increased. On the other hand, the foam height collapsed over a period of time. The stability of the foam produced is better in the case of sodium phosphate-hydroxy ethanolamide than the SDS. Though at the initial stage SDS seemed more stable, with higher foam height but it collapsed drastically after 90 min where as sodium phosphate-hydroxy ethanolamide maintained its foam stability over a longer period of time when compared with SDS.
Wetting power
This reflects the ability of a substance to reduce the surface tension of a liquid, causing the liquid to spread across or penetrate more easily the surface of a solid. The wetting power of sodium phosphate-hydroxy ethanolamide and SDS was compared in Fig. 8 as a function of surfactant concentration. Sodium phosphatehydroxy ethanolamide exhibited better wetting power than SDS. The wetting power of sodium phosphatehydroxy ethanolamide and SDS increased as surface concentration also increased indicating that the wetting power of these surfactants are concentration dependent with sodium phosphate-hydroxy ethanolamide being a better wetting agent. Sodium phosphate-hydroxy ethanolamide being a better wetting agent over SDS may be due to the presence of the OH and phosphate functional groups present in the molecules of this gemini surfactant, moreover, the long hydrocarbon chain length (C18) from the fatty acid increases its ability in striking a balance between hydrophilic and hydrophobic tendencies unlike SDS (C10) which gives it more advantages over SDS when wetting surfaces. Wetting agents are known to improve infiltration of soil, pesticide performance and the ease of handling fertilizers [37, 38] where its economic importance has placed surfactants in a wide range of applications; wetting power exhibited by sodium phosphate-hydroxy ethanolamide presents it as a promising wetting agent.
Surface tension and Critical Micelle Concentration
The effect of concentration and pH on the surface tension of sodium phosphate hydroxy ethanolamide and SDS were compared as shown in Fig. 9 and Fig. 10 , respectively. This tends to measure the energy required to increase the surface area of a liquid by a unit of area. The surface tension of a liquid results from an imbalance of intermolecular attractive forces which creates an inward pull, or internal pressure, that tends to restrict the tendency of the liquid to flow and form a large interface with another substance. Sodium phosphate hydroxy ethanolamide acted as a better surface tension reducing agent than SDS at low and at high concentrations, see Fig. 9 . The effect of pH on surface tension was similar in both sodium phosphate hydroxy ethanolamide and SDS. This observation may be due to the anionic nature of these surfactants in solution and moreover, their ionization power and possibility of creating similar imbalance of intermolecular attraction forces in the solution. Surface tension was found to be high at very low pH which may be attributed to a low degree of interaction between the surfactant molecules and that of water as ionization is reduced at this stage. However, surface tension reduced as pH moved towards 5 which may be indicative of the surfactants existing in their anionic form at this pH in solution and the possibility of better interaction between the molecules of the surfactants and water as the pH was increased where as the value was found high at very high pH value. Surface tension values were noticed to be low at pH 4.5 and 10.5 in both cases. Surface active properties of surfactants provide useful information on the possible applications of such surfactants and are usually characterized by . DEAP = Sodium phosphatehydroxy ethanolamide.
the critical micelle concentration (CMC). On a plot of the logarithm concentration of sodium phosphate hydroxy ethanolamide against surface tension, it was observed that surface tension decreased linearly with the increasing logarithm of sodium phosphate hydroxy ethanolamide concentration. The inflection point, which corresponds to the CMC, was found to be 2.5×10 for sodium phosphate hydroxy ethanolamide (Fig. 11 ). This CMC value was measured at 25 o C. The surface tension value of deionized water was 71.40 mN m -1 while CMC of SDS was 9.3×10 -3 mol L -1 under the same conditions.
Conclusion
Oil extracted from the seed of Luffa cylindrica, a cheap natural resource, was used in the synthesis of sodium phosphate hydroxy ethanolamide, a gemini surfactant. A simple reaction route was developed, which was monitored and confirmed by FTIR, 1 HNMR and 13 CNMR. Amphiphilic properties such as foam stability, wetting power and surface tension were investigated and were found to be better in sodium phosphate hydroxy ethanolamide when compared with a known surfactant, sodium dodecyl sulphate (SDS).
